There are two waves of erythropoiesis, known as primitive and definitive waves in mammals and lower vertebrates including zebrafish. The founding member of the Kruppel-like factor (KLF) family of CACCC-box binding proteins, EKLF/Klf1, is essential for definitive erythropoiesis in mammals but only plays a minor role in primitive erythropoiesis. Morpholino knockdown experiments have shown a role for zebrafish klf4 in primitive erythropoiesis and hatching gland formation. In order to generate a global understanding of how klf4 might influence gene expression and differentiation, we have performed expression profiling of klf4 morphants, and then performed validation of many putative target genes by qRT-PCR and whole mount in situ hybridization. We found a critical role for klf4 in embryonic globin, heme synthesis and hatching gland gene expression. In contrast, there was an increase in expression of definitive hematopoietic specific genes such as larval globin genes, runx1 and c-myb from 24 hpf, suggesting a selective role for klf4 in primitive rather than definitive erythropoiesis. In addition, we show klf4 preferentially binds CACCC box elements in the primitive zebrafish b-like globin gene promoters. These results have global implications for primitive erythroid gene regulation by KLF-CACCC box interactions.
Introduction
Vertebrate hematopoiesis occurs in two distinct waves, known as the primitive and definitive waves, which differ with respect to developmental timing and the primary site of terminal blood cell differentiation. Stem cells for both waves are generated and specified in nascent mesoderm. In mammals, hematopoietic stem cells (HSCs) are generated within posterior primitive streak mesoderm, then migrate to the yolk sac where they differentiate into primitive nucleated red cells, endothelial cells, and macrophages (Huber et al., 2004) . Definitive wave HSCs develop later in the dorsal aorta or aorta-gonad-mesonephros (AGM) (Dzierzak et al., 1997) , from where they migrate firstly to the fetal liver then to the bone marrow to differentiate into all blood cell lineages including enucleated red cells, megakaryocytes, myeloid cells, and lymphoid cells.
In teleosts such as zebrafish distinct primitive and definitive waves also exist, but the two overlap closely with respect to timing and site of differentiation (Hsia and Zon, 2005) . Furthermore, terminally differentiated red blood cells of both waves are nucleated, so they have been difficult to distinguish until the recent discovery of zebrafish homologs of mammalian genes which are specifically expressed in the adult wave (Hsia and Zon, 2005) . It is now well established that primitive erythropoiesis begins in the posterior lateral plate mesoderm (PLPM) from about five somites, when gata1 is first expressed. The PLPM undergoes medial zipper-like morphogenetic movements to form the intermediate cell mass of Oellacher (ICM), which is the equivalent of the mammalian yolk sac. The ICM gives rise to approximately 300 circulating embryonic erythrocytes which express embryonic globin genes (Brownlie et al., 2003; Long et al., 1997) . As in mammalian hematopoiesis, definitive zebrafish hematopoiesis begins in the ventral wall of the dorsal aorta, but adult HSCs migrate to the adult kidney rather than the bone marrow (Davidson and Zon, 2004) . Genes restricted to the definitive wave of hematopoiesis such as runx1/aml1, c-myb and larval-adult globin genes (such as ba1 and aa1 globin) are expressed from $12 to 14 somites in the PLPM and then in the dorsal aorta from about 28 somites (Hsia and Zon, 2005) .
A great deal is known about transcriptional regulation of hematopoiesis (Cantor and Orkin, 2002) . Many of the critical cis elements within promoters that control gene expression as well as the transcription factors that work through these motifs are well established. The CACCC box is one of the most common cis elements in hematopoietic gene promoters (Raich and Romeo, 1993) . Members of the SP1 and Kruppel-like factor (KLF) families of transcription factors are characterised by three C 2 H 2 zinc fingers which confer binding to specific 9 bp motifs which harbour a GC-rich or CACCC box core (Bieker and Southwood, 1995; Chen and Bieker, 2001; Miller and Bieker, 1993; Philipsen and Suske, 1999; Tanimoto et al., 2000; Turner and Crossley, 1999) . KLFs have variable N-termini which confer transcriptional activation, repression, or both activities depending upon selective attraction of co-repressors and co-activators (Bieker and Southwood, 1995; Chen and Bieker, 2001; Miller and Bieker, 1993; Philipsen and Suske, 1999; Tanimoto et al., 2000; Turner and Crossley, 1999) . Residues within the a-helical component of each zinc finger are highly conserved and define DNA-binding specificity, as inferred from crystal structures of the three zinc fingers of Zif268 (also known as egr-1 or bound to DNA (Elrod-Erickson et al., 1998; Pavletich and Pabo, 1991) . Based on finger swapping models, Klf1 was predicted to bind the consensus, CCN-CNC-CCN.
The founding member of the KLF family, Klf1 or erythroid KLF (EKLF), is expressed primarily in erythroid cells (Miller and Bieker, 1993; Nuez et al., 1995; Perkins et al., 1995) and is essential for definitive erythropoiesis in the fetal liver (Miller and Bieker, 1993; Nuez et al., 1995; Perkins et al., 1995) . Klf1 binds strongly to a conserved 9 bp CACCC box element within the murine and human b-globin gene promoters, and fails to bind natural mutations in the CACCC box which result in b + -thalassemia (Feng et al., 1994) . Murine and human b-globin gene expression is dependent upon Klf1 in vivo, but there is $10% residual expression (Nuez et al., 1995; Perkins et al., 1996; Perkins et al., 1995; Wijgerde et al., 1996) . This could be due to redundancy of KLFs in definitive erythroid cells. Alternatively, the b-globin promoter may still function to a minor degree in the absence of Klf1. Natural mutations in the human b-globin gene promoter are not particularly helpful with respect to resolution of these alternatives since the CACCC site is duplicated in the human promoter and both sites can bind KLF1. Thus, loss of binding due to a point mutation at one site can permit residual binding to the other site and therefore only a moderate b + -thalassemia phenotype. Although Klf1 is expressed at high levels in the primitive streak and embryonic yolk sac (Southwood et al., 1996) , many genes which have critical CACCC box regulatory elements such as embryonic globin genes, and erythroid transcription factors such as gata1 and scl, are expressed at normal or near normal levels in the absence of Klf1 (Drissen et al., 2005; Hodge et al., 2005; Perkins et al., 1995) . Thus, there has been an extensive search for Klf1 homologs that might regulate embryonic globin and other CACCC-box dependent genes. Recently, it has become clear that Klf1 itself does play some role in gene regulation in embryonic red cells. For example, alpha hemoglobin stabilizing protein (ASHP), dematin (band 4.9), and the transferrin receptor (TfR) are Klf1-dependent in embryonic red cells, but embryonic globin genes, Gata1 and Scl, are not (Drissen et al., 2005; Hodge et al., 2005) . Although Klf2 was originally discovered as a gene with a critical role in angiogenesis and lymphoid cell development (Anderson et al., 1995; Kuo et al., 1997) , recent studies suggest it also plays a minor role in mammalian embryonic erythropoiesis and embryonic globin gene regulation (Basu et al., 2005) . Other KLFs may play additional roles, and there may also be redundancy between Klf1and Klf2 in mammals, although this remains untested.
Zebrafish are a good model organism for the study of genetic regulation of hematopoiesis. Many anemic mutants were identified in forward screens (Ransom et al., 1996) , and KLFs have been described in zebrafish (Oates et al., 2001 ). An alignment of the amino acid sequences of human, mouse and zebrafish KLF proteins shows very high similarity in the DNA-binding and nuclear localisation domains but very little outside these regions (Oates et al., 2001) . Therefore, it is difficult to determine orthologous relationships based upon sequence similarities alone, and synteny was used as a helpful assignment tool. Interestingly, many zebrafish KLFs are expressed in sites of hematopoiesis (Oates et al., 2001) . One of these, klf4 or Blood island Kruppel-like factor (biklf), is the zebrafish homolog of neptune, a Xenopus laevis KLF which acts early in the hematopoietic program (Huber et al., 2001) . Although zebrafish Klf4 is most similar to mammalian KLF4 at the amino acid level, it is slightly more similar to zebrafish Klf2a and Klf2b (Oates et al., 2001) . Also, the expression pattern zebrafish klf4 is quite different to the reported pattern of mammalian Klf4 expression. Mammalian Klf4/ GKLF is primarily expressed in the gut and skin (Garrett-Sinha et al., 1996; Segre et al., 1999; Shields et al., 1996) . It is also expressed in the lung, testis, and thymus (Garrett-Sinha et al., 1996) , but expression in the yolk sac has not been carefully examined. In comparison, zebrafish klf4 is one of the earliest markers of polster and LPM hence marking the earliest appearance of hatching gland and blood (Oates et al., 2001) . It is expressed as early as 70% epiboly in the pre-polster (Gardiner et al., 2005) . From the one somite stage of development, klf4 is expressed throughout the LPM from the most anterior to posterior domains (Gardiner et al., 2005; Kawahara and Dawid, 2000; Oates et al., 2001 ). Zebrafish klf4 is therefore expressed within precursors of the hatching gland, myeloid cells, heart cells, pronephros, primitive and definitive erythropoiesis from rostral to caudal positions in the lateral plate. Importantly, klf4 is expressed prior to expression of the hematopoietic genes gata2, pu.1, and scl/tal-1 (Davidson and Zon, 2004; Hsia and Zon, 2005) , suggesting it may act upstream of these transcription factors possibly regulating erythropoiesis and myelopoiesis. Furthermore, klf4 is normally expressed in the posterior LPM of cloche embryos at three somites, suggesting it acts upstream or independently of cloche (Oates et al., 2001) .
Based primarily upon its early expression pattern, a global role for klf4 in embryonic erythropoiesis or stem cell generation was hypothesized. Morpholino knockdown of klf4 was performed and morphant embryos analysed at 18 somites by expression profiling using 16K Compugen microarrays. A global role for klf4 in embryonic erythropoiesis was identified, and the role of klf4 in hatching gland development was confirmed. Interestingly, definitive hematopoiesis and stem cell transcripts were unaffected or even enhanced. These results suggest that like mice, different zebrafish KLFs play independent and essential roles in primitive versus definitive erythropoiesis. Within each lineage, there is a common group of KLF target genes, which includes heme synthesis pathway enzymes, glycolysis pathway enzymes, and genes involved in iron metabolism. On the other hand, developmental regulation of globin gene expression in primitive versus definitive waves of hematopoiesis is regulated by different KLFs. A model of evolution of KLF regulation of globin gene expression is discussed.
Results

klf4 is essential for primitive erythropoiesis
Based on expression throughout the LPM at early time points in development (Gardiner et al., 2005; Kawahara and Dawid, 2000) , a broad role for klf4 in primitive erythropoiesis and/or stem cell function was hypothesized. Injection of two non-overlapping morpholinos designed to inhibit translation of klf4 (Gardiner et al., 2005) resulted in an identical phenotype; 98 of 237 (41%) MO1-injected, and 105 of 312 (34%) MO2-injected embryos displayed mild to moderate anemia from $30 hpf. There was a beating heart in all klf4 morphants, but it lacked hemoglobinised red blood cells (Fig. 1B) compared to controls injected with a non-specific morpholino (Fig. 1A) . Pericardial oedema was frequently observed (Fig. 1B, arrowhead) , as previously reported (Kawahara and Dawid, 2001) . Circulation was normal in most embryos but reduced in some consistent with some variability of gene knockdown. Therefore, even though many KLFs are expressed in a similar pattern in the lateral plate and ICM, klf4 is essential for primitive erythropoiesis.
A May-Grunwald-Giemsa stained cytospin preparation of cells derived from cardiac punctures at 48 hpf showed a red cell maturation defect, characterised by poor hemoglobinisation and nuclear immaturity ( Fig. 1C and D) . Staining with benzidine confirmed defective hemoglobinisation (data not shown), as previously documented (Kawahara and Dawid, 2001 ). These erythroid maturation defects are very similar to those found in Klf1 null erythroid cells (Perkins et al., 1995) , and those found in certain zebrafish microcytic hypochromic anemic mutants, such as sauternes and zinfandel (Ransom et al., 1996) . The former harbours a mutation in alas2, the first and rate-limiting enzyme in the heme synthesis pathway Brownlie et al., 2003) . The later maps to the zebrafish globin gene locus, but the precise mutation has not been identified (Brownlie et al., 2003) . The anemia of klf4 morphants progressively resolved between days three and four of development as occurs in zinfandel mutants, consistent with activation of the definitive wave of hematopoiesis. Manual dechorionation of klf4 morphant embryos enabled survival into adulthood, suggesting the major defects are restricted to hatching and embryonic hematopoiesis and other developmental programs are essentially intact.
klf4 acts primarily as a transcriptional activator in vivo
To examine the role of klf4 in zebrafish development at a global level, expression profiling was performed to compare mRNAs from klf4-MO versus Std-MO injected embryos. Embryos at the 18S stage of development were used, as this is 6-8 h following the initiation of klf4 gene expression providing an optimal time for detection of direct target genes. Pools of twenty Std-MO and twenty klf4-MO injected embryos were collected from four separate experiments. Although blood was not visible at this stage, the absence of the hatching gland (Gardiner et al., 2005) served as a visible marker for morpholino knockdown efficacy. Expression profiling was performed as described in the methods. For genes that passed quality control, filtering and statistical cut-offs, a scatter plot of the average gene expression in Std-MO versus klf4-MO samples was generated ( Fig. 2A) . Partial lists of klf4-MO downregulated and upregulated genes are provided in Tables 1 and 2 , and complete lists of primary data including associated links to a number of databases is available at http://www.ncbi.nlm.nih.gov/geo/(accession number GSE8656). Significantly more genes were downregulated (222 genes >1.4-fold) in klf4 morphants than upregulated (135 genes >1.4-fold), suggesting klf4 functions primarily as a transcriptional activator in vivo. Furthermore, many of the upregulated genes may not be true klf4 targets for reasons discussed below. This in vivo transcriptional activation function is consistent with the previously reported in vitro function of klf4 (Kawahara and Dawid, 2001 ).
2.3. klf4 is essential for hatching gland gene expression klf4 morphant embryos fail to develop a hatching gland and cannot hatch (Gardiner et al., 2005) . Reassuringly, catL or cstlb, a known klf4 target gene (Gardiner et al., 2005) , was the most highly klf4-dependent transcript on the array (14-fold downregulated; p-value 0.003, Table 1 ), validating the experimental design. Furthermore, catL transcript levels were reduced >1000-fold by quantitative real time-Polymerase chain reaction (qRT-PCR) in klf4 morphants from 20 hpf (Fig. 2B ) compared to control embryos. In addition catL expression was absent in the polster and hatching gland region of 24 hpf klf4 morphant embryos by whole mount in situ hybridization (WISH) (Fig. 3A-D ) as previously reported (Gardiner et al., 2005) . A number of other hatching gland enzymes were significantly klf4-dependent (Table 1) . Cathepsin Z and hatching enzyme 1 (he1) (Fig. 2B) , two enzymes involved in the breakdown of the chorion (Hiroi et al., 2004) were also downregulated. In addition, Anterior gradient 2 homolog (Agr2), the zebrafish homologue of a X. laevis protein specifically expressed in the cement gland (Aberger et al., 1998) was also downregulated in klf4 morphants (Table  1) . The frog cement gland and teleost hatching gland share developmental origins, and the klf4 ortholog, neptune, is expressed in the cement gland (Huber et al., 2001) suggesting agr2 is a hatching gland specific transcript in zebrafish.
klf4 is essential for embryonic but not definitive globin gene expression
Many erythroid specific genes were downregulated at 18S in klf4 morphants (Table 1 ). The embryonic a-and b-globin genes are linked head to tail in the zebrafish genome (Brownlie et al., 2003) . All of those present on the arrays (that is; hbae1, hbbe1, and hbae3) were downregulated >2.5-fold in klf4 morphants (Table 1) . Furthermore, hbbe3 (be3 globin) (Brownlie et al., 2003) was markedly downregulated in klf4 morphants by WISH at 24 hpf ( Fig. 3A and E) and by qRT-PCR at 20 hpf, 24 hpf, and 36 hpf (Fig. 2B , C, and D, respectively). Interestingly, gata1, a gene required for the terminal differentiation of erythroid and megakaryocyte progenitor cells (Orkin, 1996) , was not downregulated in klf4 morphants on the arrays, nor did it appear to be significantly downregulated by qRT-PCR ( Fig. 2B-E) or by WISH ( Fig. 3B and F ), which conflicts with previous studies (Kawahara and Dawid, 2000; Kawahara and Dawid, 2001 ) but is consistent with normal expression of gata1 in murine Klf1 null fetal liver (Perkins et al., 1995) .
2.5. klf4 regulates heme synthesis in embryonic red cells klf4 morphant red cells have a defect in hemoglobinisation ( Fig. 1 and Kawahara and Dawid (2001) ), suggesting a possible role in heme synthesis, a process which requires the sequential activity of a cascade of enzymes which act within and without of mitochondria to build the heme molecule. The first rate-limiting step in the pathway is catalysed by alas2 in red cells and alas1 in other cell types. Two heme synthesis pathway enzymes, alas2 and coproporphyrinogen oxidase (cpo) were significantly downregulated in klf4 morphants (Table 1) . Reduced expression of alas2 was also apparent by WISH ( Fig. 3L and P) at 24 hpf and by qRT-PCR at all time points (Fig. 2B-E) , and reduced expression of the cpo in klf4 morphants has been recently reported (Hanaoka et al., 2006) . Other red cell enzymes, such as lactate dehydrogenase (ldh), cytochrome P450, cytochrome c oxidase (subunit VIb), and 5 0 -nucleotidase, were also reduced in klf4 morphants (Table 1) .
Up regulation of transcripts involved in DNA-damage, apoptosis and hematopoietic stem cell function in klf4 morphants
A number of genes (135) were significantly upregulated (>1.4-fold) in klf4 morphants (Table 2) . Many of these, such as p53, caspase 8, gadd45al, mdm2, and bax are involved in apoptosis pathways or responses to DNA-damage. The increased expression of genes involved in apoptosis could result from defective terminal differentiation as an indirect consequence of loss of klf4.
Definitive hematopoiesis is unaffected or enhanced in klf4 morphants
A number of genes that have established roles within the hematopoietic stem cell compartment, or in red cell precursors such as gata2, scl/tal-1, and bmp2b, were upregulated in klf4 morphants ( Table 2 ). The genes gata2 and scl are normally downregulated upon terminal erythroid differentiation (Hoang et al., 1996; Leonard et al., 1993) , so their up regulation in klf4 morphants as seen by qRT-PCR (Fig. 2B) and WISH (Fig. 3C-D and G-H) may reflect defective differentiation. However, a direct repression role for klf4 via interaction with the gata2 and scl gene regulatory sequences cannot be excluded. Indeed, CACCC elements exist within important regulatory domains of scl (Bockamp et al., 1995) and gata2 (Minegishi et al., 1998) genes suggesting possible regulation by KLFs.
The expression of genes essential for definitive but not primitive hematopoiesis (Kalev-Zylinska et al., 2002; Mucenski et al., 1991) were examined by qRT-PCR and/ or WISH. In zebrafish, runx1 and c-myb are detected in the posterior ICM at 24 hpf, and a group of cells in the ventral wall of the dorsal aorta from $48 hpf. These populations are thought to be definitive hematopoietic stem cells or hemangioblasts (Thompson et al., 1998) . ba1 globin is an adult globin gene which is selectively expressed during the definitive wave of hematopoiesis (Brownlie et al., 2003) . ba1 globin was present at near normal levels by qRT-PCR at 24 hpf (Fig. 2C) and by WISH at 24 hpf ( Fig. 3K and  O) . Interestingly, ba1 globin expression was upregulated in klf4 morphants at 36 hpf and 48 hpf as detected by qRT-PCR ( Fig. 2D and E) . Thus, in contrast to the specificity of murine Klf1 for definitive b-like globin genes, zebrafish klf4 is specifically required for expression of embryonic b-like globin genes.
The levels of runx1 and c-myb were not greatly affected at 18S since this is the beginning of the definitive wave of hematopoiesis. However, the surge of expression of both genes from 24 hpf was enhanced in klf4 morphants compared to controls as detected by qRT-PCR (Fig. 2C and  D) . This may indicate enhanced activation of the definitive hematopoietic program to compensate for a loss in primitive red blood cells. Also, expression of c-myb, runx1 and ba1 globin was not perturbed in klf4 morphants by WISH (Fig. 3I-K and M-O) . Therefore, unlike murine Klf1, zebrafish klf4 does not play an essential role in definitive erythropoiesis.
klf4 binds an extended CACCC box element in the zebrafish embryonic b-like globin gene promoters
A key issue to consider is whether any of the validated klf4 dependent genes are direct transcriptional targets of klf4, or indirectly regulated by virtue of a failure of normal terminal erythroid differentiation. This issue has been addressed in detail for murine Klf1 by a combination of bioinformatic searches for phylogenetically conserved CACCC box elements in core enhancer and promoter regions of putative target genes, by electromobility gel shift assays (EMSA) to confirm in vitro binding, and by chromatin immunoprecipitation (ChIP) assays using KLF1 specific antibodies to confirm in vivo occupancy. There is overwhelming evidence for direct Klf1 regulation of b-globin via interaction with a conserved CACCC element in the proximal promoter (Drissen et al., 2004; Hodge et al., 2005; Miller and Bieker, 1993; Perkins et al., 1995) , and other Klf1 target genes such as dematin (band 4.9), ASHP, Klf3, and P18
INK4c are likely to be direct Klf1 targets (Funnell et al., 2007; Hodge et al., 2005; Keys et al., 2007; Tallack et al., 2007 ).
An antibody against zebrafish Klf4 has not been raised and ChIP assays are difficult in zebrafish. Therefore, the organisation of the zebrafish globin gene promoters was re-investigated specifically searching for CACCC sites conforming to the predicted KLF binding consensus, CCN-CNC-CCN (Feng et al., 1994) . Zebrafish klf4 and murine Klf1 have identical DNA-binding amino acid residues in each of their three zinc fingers suggesting they would bind identical CACCC box motifs. There are many zebrafish alike and b-like globin genes which are organised in a tandem (a:b) head to head or tail to tail configurations (Brownlie et al., 2003) (Fig. 4A) . Most of the definitive and primitive globin genes are clustered on LG3. The organisation of the proximal promoters of the embryonic and adult b-like and a-like globin genes from a 80 kb zebrafish contig (BX004811) were examined and compared with the promoters of the human b-like cluster (U01317). In the case of the human b-like globin genes there are three highly conserved elements which serve a useful landmarks; a TATA box (actually TAAA) at $ 30 bp from the start of transcription, a CCAAT box at À40 to À50, and CACCC boxes immediately upstream of the CCAAT boxes. In the case of the adult b-globin gene promoter there are duplicated CACCC boxes 8 bp and a further 6 bp upstream of the CCAAT box (Fig. 4B) . Both of these conform to the KLF binding consensus, CCN-CNC-CCN, and both bind Klf1 in gel shift assays (Miller and Bieker, 1993; Moi et al., 2004) . Furthermore, mutations which disrupt binding to either site lead to b + thalassaemia (Moi et al., 2004; Perkins, 1999) . The embryonic (e) and fetal stage specific (c) globin genes have a slightly different CACCC box sequence which diverges from the consensus KLF binding site at position two (Fig. 4B) which results in markedly reduced binding of Klf1 but not SP1 or related family members (Feng et al., 1994) . The zebrafish embryonic b-like globin genes have a CACCC element in reverse orientation between the TAAA box and the CCAAT box, which conforms perfectly to the KLF binding consensus (CCA CACCCCC), whereas the adult b-like and a-like globin gene promoters have a truncated CACCC sequence in the same position which is unlikely to bind KLFs (Fig. 4B) .
To determine whether Klf4 specifically binds the embryonic b-like globin gene CACCC elements, a V5/His tagged version of the zinc finger domain of klf4 was expressed in COS7 cells, and nuclear extracts were tested for their ability to bind the CACCC box elements in the be1, ae1 and ba2 globin gene promoters or the human b-globin proximal CACCC box site. Like KLF1, Klf4 binds the human b-CACCC site (Fig. 4C) . Klf4 specifically binds to the be1 globin CACCC box element as predicted, and it is specifically super-shifted by an antibody to the V5 tag (Fig. 4C,  lanes 8 and 9) . Although no binding was observed with ae1 globin as expected from the atypical CACCC box elements ( Fig. 4B and C lanes 10-12) , binding was observed with ba2 globin (Fig. 4C, lanes 14 and 15) . This was surprising although previous studies have shown Klf1 can bind an atypical CACCC site in the proximal promoter of murine AHSP . Also there is recent evidence that a-globin mRNA is reduced in Klf1 À/À mice (Cunningham et al., 2007) .
Discussion
Zebrafish klf4 is expressed in the polster and lateral plate mesoderm from 1 somite stage of differentiation prior to expression of most other hematopoietic transcription factors. In order to study the early global consequences of loss of klf4, expression profiling using 16K Compugen long oligo microarrays was performed at 18S. Differentially expressed genes included those normally expressed in the hatching gland and in erythroid cells; two cell lineages, which were morphologically abnormal in klf4 morphants.
KLF function in heme biosynthesis and other erythroid gene regulation
Many erythroid genes were downregulated at 18S in klf4 morphants, including heme synthesis enzymes, alas2 and cpo. The gene alas2 is mutated in sauternes and cpo was recently reported to be klf4 dependent (Hanaoka et al., 2006) . Also, recent evidence from searches for murine Klf1 targets suggests Klf1 plays a key role in heme formation 5) . In addition, Klf4 binds to the embryonic be1 globin CACCC site (lane 8) and a non-canonical CACCC site in the ba2 globin promoter (lane 14) indicated by a gel supershift in the presence of a V5 antibody (lanes 9 and 15). Klf4 does not bind the ae1 globin CACCC site (lanes 11 and 12). The motilities of SP1, SP4, and SP3 DNA complexes from COS7 cells were assigned based on previous work using specific antibodies to these. (Coghill et al., 2001; Spadaccini et al., 1998) . For example, alas2, alad, hmbs, cpo, and ferrochelatase have all been reported to be downregulated in Klf1 null fetal liver cells, or cell lines with reduced Klf1 levels (Drissen et al., 2005; Hodge et al., 2005; Spadaccini et al., 1998) . Thus, it appears that KLFs play essential roles in heme synthesis at many steps in the biosynthetic pathway in both primitive and definitive erythrocytes. It is not clear yet whether this is a direct or indirect action of KLFs, but we note a highly conserved enhancer in intron 8 of alas2 which contains conserved CAC-CC elements which could be sites through which KLFs function (Surinya et al., 1998) .
Lactate dehydrogenase (ldh) is a very abundant red blood cell enzyme, which plays a key role in energy generation from lactate that accumulates in red cells since they are dependent upon anaerobic glycolysis. 5 0 -nucleotidase is a critical enzyme involved in pyrimidine metabolism and deficiency is a common cause of non-spherocytic congenital hemolytic anemia (Chiarelli et al., 2006) . Whether or not deficiency of these enzymes is a direct or indirect consequence of reduced klf4 levels, their combined reduction could contribute significantly to the mechanism of anemia in klf4 morphants.
Although a number of other genes were downregulated in klf4 morphants (Table 1) , there is insufficient space to discuss each of these in detail, and to date none have been validated by qRT-PCR. Nevertheless, a few are noteworthy. Two cell cycle regulators, cyclin G2 and cdk2 were downregulated. There have been suggestions of defects in cellular proliferation in mice and cell lines that are null for various KLFs. For example, forced Klf1 expression results in cessation of proliferation of erythroid progenitors (Coghill et al., 2001) . Also, murine Klf4 null embryos have defects in keratinocyte differentiation (Segre et al., 1999) , which could be explained from failure to exit correctly from the cell cycle. Furthermore, KLF4 has been reported to regulate progression through the G1/S check point (Yoon et al., 2003) , and to repress the Cyclin D1 gene (Shie et al., 2000) and KLF1 directly regulate the cell cycle inhibitor p18
INK4c . No direct link between Cyclin G2 or Cdk2 and KLFs have been made to our knowledge, but a possible direct link is worth considering further.
Globin gene regulation and KLFs
Klf1 has an established role in definitive b-globin gene expression (Nuez et al., 1995; Perkins et al., 1995) . It is generally accepted that this is a direct effect via specific binding to an extended CACCC box element within the proximal human and murine b-globin gene promoters (Feng et al., 1994) . In mammals, there are a number of b-like globin genes that are clustered and differentially regulated during development. For example the e-globin gene, which is expressed in primitive erythroid cells, has a CACCC motif with a slight variation of the Klf1 binding consensus. Similarly, the c-globin genes which are only present in higher mammals and which are selectively expressed in the fetal liver, contain a variant CACCC box element which does not bind well to Klf1 (Feng et al., 1994) . Interestingly, the only globin genes with good KLF binding sites in zebrafish are the embryonic b-like globin genes. Although the CACCC box is in the reverse orientation and out of position with respect to the TAAA and CCAAT box elements compared with the human globin gene promoters, we suggest KLF-CACCC box regulation of human definitive b-globin gene expression and teleost embryonic globin gene expression are mechanistically and ancestrally related.
The functional zebrafish equivalent of mammalian Klf1 remains undetermined. Although an amino acid alignment suggested there is no direct zebrafish ortholog of mammalian Klf1 (Oates et al., 2001) , zebrafish klfd, whose function has not yet been extensively validated, is syntenic with both Klf1 and Klf2 in mammals, suggesting klfd may be related to an ancestor of these genes. In addition like murine Klf1, zebrafish klfd is expressed within both embryonic erythrocytes from 24 hpf and definitive erythrocytes in the circulation and pronephros from 8 dpf (Oates et al., 2001) , providing further evidence it may be the functional ortholog of mammalian Klf1. In addition, recent studies have shown knockdown of klf2a results in pericardial oedema similar to that observed in klf4 morphants. However, no detailed erythroid phenotype was described (Lee et al., 2006) , and a role for klf2a in definitive erythropoiesis was not addressed. Thus, further investigation is required to determine if there is redundancy between zebrafish klf2a and klf4 in primitive erythropoiesis, and klfd and possibly other KLFs in definitive erythropoiesis.
Experimental procedures
Zebrafish maintenance and morpholino injection
Wild-type zebrafish (Danio rerio) were obtained from Mass Imports (Coburg, Victoria). Fertilized embryos from natural matings were injected with a klf4 specific antisense morpholino oligonucleotide (klf4-MO) or a standard nonsense morpholino oligonucleotide (Std-MO) as described previously (Gardiner et al., 2005) .
Expression profiling
Zebrafish embryos from Std-MO and klf4-MO injections were collected at 18S, pooled into groups of twenty, and total RNA prepared using RNAEasy (Invitrogen, Carlsbad, CA). RNA quantity and quality was determined using an Agilent Technologies 2100 Bioanalyser (Palo Alto, CA). RNA was linearly amplified using the messageAMP aRNA kit (Ambion, Austin, TX), and labelled with either Cy3 or Cy5 using manufacturer's recommendations (Ambion). Dye swaps were performed in 2 of 4 samples to minimize dye bias, and labelled aRNAs were co-hybridized to glass slides printed with a 16K Compugen long-oligonucleotide library (Compugen, San Jose, CA), which consist of a mixture of well annotated genes and ESTs (Mathavan et al., 2005) . Chips were scanned in an Agilent scanner and spots validated in Imagene (version 5.6). Cy3 and Cy5 intensities for each spot were downloaded into the BioArray Software Environment program (BASE 1.2.16) and per-spot and per-gene normalisations were performed by the Lowess method. Normalised expression data sets were loaded into GeneSpring 7.2 (Agilent Technologies, Palo Alto, CA). Further filtering on expression level and confidence was performed to find genes which were expressed at levels at least 4-fold above background, at least 1.4-fold differentially expressed, and passed a t-test for reproducibility of differential expression with a p-value of > 0.05. Since t statistics applied to large numbers of genes/samples will generate a high false discovery rate (Smyth, 2004) , an additional R statistic (B stat) was performed in BASE to determine significantly differentially expressed genes. These lists were also downloaded into GeneSpring for visualisation. The lists of differentially expressed genes using both statistical methods were very similar. Full documentation of experimental parameters and raw data are also available for download in accordance with MIAME guidelines from GEO (http://www.ncbi.nlm.nih. gov/geo/) with the accession number GSE8656.
Quantitative real time-PCR (qRT-PCR)
cDNA was made from total RNA using superscript III (Invitrogen) according to the manufacturer's recommendations. Primer pairs were designed to cross intron-exon boundaries and all expression levels were normalised to actin. Primer sequences are given in Table 3 . Quantitative real time-PCR (qRT-PCR) reactions were performed using an ABI-Prism 7500 and SYBR green incorporation (Applied Biosystems, Foster City, CA). The PCR cycles for all primer sets were as follows: denaturation at 95°C for 10 min, followed by 45 cycles of 94°C for 15 s and 58°C for 1 min. Each sample was run in triplicate with biologic replicates (n = 4) for each condition and time point.
Whole mount in situ hybridization
Riboprobes were linearized as follows; catL and alas2 were linearized with BamH1, bE3 globin was linearized with Kpn1 and Xma1, cmyb was linearized with EcoR1, gata2 was linearized with Not1 and both scl and ba1 globin were linearized with Sal1 (all templates were kindly provided by L. Zon). gata1 (kindly provided by G. Lieschke) was linearized with Xba1 and runx1 (kindly provided by P. Crosier) was linearized with HindIII. All riboprobes except gata2 were transcribed with T7 polymerase using a digoxigenin RNA labelling kit (Roche) according to the manufacturer's instructions. gata2 was transcribed with SP6 polymerase. In situ hybridizations using digoxigenin-labelled (DIG) antisense riboprobes were performed as described (Broadbent and Read, 1999) .
Gel mobility shift assays
The zinc finger region and nuclear localization signal of klf4 was amplified from cDNA and cloned into the EcoRV and Xho1 sites of the pcDNA6/V5-HisA vector (Invitrogen) to generate pcDNA6/V5-HisAklf4ZF. Gel mobility shift assays were performed as previously described using 2 ng of radioactive probe (Gordon et al., 2005) . Nuclear extracts (1 lg) were derived from COS7 cells that had been transfected with a KLF1 (EKLF) expression plasmid (pSG5-EKLF) (Miller and Bieker, 1993) , or the Klf4ZF expression plasmid. Bands were super-shifted using an EKLF-specific rabbit polyclonal antibody (Broadbent and Read, 1999) or a mouse V5-tag antibody (Serotec). Oligonucleotide sequences used for probe generation are given in Table 3 . 
